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Abstract
The homeostasis of both cornea and hair follicles depends on a constant supply of progeny cells produced by populations of keratin (K)
14-expressing stem cells localized in specific niches. To investigate the potential role of Co-factors of LIM domains (Clims) in epithelial tissues,
we generated transgenic mice expressing a dominant-negative Clim molecule (DN-Clim) under the control of the K14 promoter. As expected, the
K14 promoter directed high level expression of the transgene to the basal cells of cornea and epidermis, as well as the outer root sheath of hair
follicles. In corneal epithelium, the transgene expression causes decreased expression of adhesion molecule BP180 and defective
hemidesmosomes, leading to detachment of corneal epithelium from the underlying stroma, which in turn causes blisters, wounds and an
inflammatory response. After a period of epithelial thinning, the corneal epithelium undergoes differentiation to an epidermis-like structure. The
K14-DN-Clim mice also develop progressive hair loss due to dysfunctional hair follicles that fail to generate hair shafts. The number of hair
follicle stem cells is decreased by at least 60% in K14-DN-Clim mice, indicating that Clims are required for hair follicle stem cell maintenance. In
addition, Clim2 interacts with Lhx2 in vivo, suggesting that Clim2 is an essential co-factor for the LIM homeodomain factor Lhx2, which was
previously shown to play a role in hair follicle stem cell maintenance. Together, these data indicate that Clim proteins play important roles in the
homeostasis of corneal epithelium and hair follicles.
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The LIM domain, a zinc finger motif that is conserved
throughout evolution, is found in a diverse set of proteins,
including transcription factors belonging to the LIM-home-
odomain (Lhx) and LIM-only (LMO) protein families (Kadrmas
and Beckerle, 2004). The Co-factor of LIM domains (Clim),
which is also referred to as LIM domain binding protein (Ldb)
and nuclear LIM interactor (NLI), was originally identified as a
co-activator for Lhx and LMO proteins (Agulnick et al., 1996;
Bach et al., 1997; Jurata et al., 1996; Visvader et al., 1997).⁎ Corresponding author. Fax: +1 949 824 2200.
E-mail address: bogi@uci.edu (B. Andersen).
0012-1606/$ - see front matter. Published by Elsevier Inc.
doi:10.1016/j.ydbio.2007.09.052Hence, one function of LIM domains in transcription factors is
thought to be recruitment of Clim co-factors to enhance
transcription of target genes.
In mice, there are two highly conserved genes in the Clim
family: Clim2 (Ldb1) and Clim1 (Ldb2). The LIM-binding
portion of Clims has been localized to the carboxy-terminus,
while the amino-terminal region is involved in homodimer
formation (Agulnick et al., 1996; Jurata and Gill, 1997;
Matthews and Visvader, 2003). Through these interaction
properties, Clims may act as specific protein-binding adapters,
facilitating assembly of large complexes consisting of LIM-HD
or LMO, as well as other classes of transcription factors with
which LMOs can interacts, including GATA and bHLH DNA-
binding proteins (Bach, 2000; Dawid et al., 1998).
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mouse embryogenesis (Bach et al., 1997, 1999; Bulchand et
al., 2003; Ostendorff et al., 2006; Visvader et al., 1997), and
deletion of the Clim2 gene leads to early embryonic lethality
around day 9.5. The Clim2-deleted mice exhibit a pleiotropic
phenotype with no heart anlage and head structures that are
truncated anterior to the hindbrain. In about 40% of the
mutants, posterior axis duplication is observed. There are also
severe defects in mesoderm-derived extraembryonic structures
(Mukhopadhyay et al., 2003). Clim1 knockout mice do not
exhibit an obvious phenotype (information from Mouse
Genome Informatics Web site), most likely due to redundancy
in function between Clim1 and Clim2. Expression of a
dominant-negative Clim (DN-Clim) during early developmen-
tal stages of zebrafish embryos results in an impairment of eye
and midbrain–hindbrain boundary development and interfer-
ence with the formation of the anterior midline (Mukhopad-
hyay et al., 2003). While these studies have established a key
role for Clim2 in early vertebrate development, the potential
roles of Clims in late development and in the adult remain
unknown.
We have previously shown that Clim2 is prominently
expressed in several self-renewing stratified epithelial tissues
where it is co-expressed with LMO4 (Sugihara et al., 1998).
These tissues include epidermis, hair follicles and cornea—
all epithelia that contain slow-cycling and keratin 14-
expressing stem cell populations, which in the case of hair
follicles and cornea, reside in specific niches. Throughout
adult life, these adult stem cell populations maintain
epithelial homeostasis by supplying new cells that undergo
a series of specific differentiation steps and replace cells that
have been shed (Cotsarelis, 2006; Tumbar et al., 2004). The
potential roles of Clims in adult epithelial tissues remain
unknown.
The early embryonic lethality of Clim2 knockout mice, as
well as the redundancy between Clim2 and Clim1 proteins,
creates a challenge for studies of Clim function in the late
embryo and the adult. To avoid these difficulties, we
investigated the role of Clims in cornea, epidermis and hair
development by expressing a dominant-negative Clim mole-
cule (DN-Clim) (Becker et al., 2002) under control of the
keratin 14 (K14) promoter in mice. In these mice (K14-DN-
Clim), the DN-Clim interferes with the function of both Clim2
and Clim1 in K14 expressing epithelia. The K14 promoter
directs high level of expression to epidermis, hair follicles and
cornea; there are several examples of such transgenic mice
exhibiting phenotypes in both cornea and hair follicles (Kaya
et al., 1997; Nicolas et al., 2003; Xie et al., 1999). The corneas
of K14-DN-Clim mice develop edema and blisters caused by
the detachment of corneal epithelium from the underlying
stroma. Eventually the corneal epithelium in DN-Clim mice
undergoes differentiation to epidermis-like epithelial structure.
In hair follicles of K14-DN-Clim mice, stem cell maintenance
is impaired, ultimately leading to hair follicle dysfunction and
hair loss. Together, our data indicate that Clim proteins play an
important role in the homeostasis of corneal epithelium and
hair follicles.Materials and methods
K14-DN-Clim mice
The Myc-tagged DN Clim fragment (Bach et al., 1999) was cloned
downstream of the 1.5 kb human K14 promoter (Leask et al., 1990; Sinha et al.,
2000; Vassar et al., 1989; Wang et al., 1997). The linearized K14-DN-Clim
fragment was then used to create CB6F1 transgenic mice according to standard
protocols. All mice were genotyped by PCR analysis using the following
primers: sense 5′-TGTATCACCATGGACCCTCAT-3′ and antisense 5′-AAG-
AAGAAGGCATGAACATGG-3′. Animal housing and experiments were
performed according to the guidelines of the Institutional Animal Care and
Use Committee.
Histology and immunohistochemistry
Back skins and corneas were dissected and fixed in 10% Formalin in PBS or
in 60% pure Ethanol, 30% water and 10% Formaldehyde. Samples were then
embedded in paraffin blocks, and sectioned at 6 μm. For histological analysis,
sections were stained with hemotoxylin and eosin (H&E). For immunohisto-
chemistry, sections were deparaffinized, redehydrated and washed in PBS.
Antigen-retrieval was performed by incubating slides in 0.01 M citrate buffer
(pH 6.0) at 95 °C for 20 min. Sections were then immunostained with
DakoCytomation LSAB+System-HRP (DAKO) according to the manufac-
turer's instructions. For BrdU staining, mice were sacrificed 2 h after BrdU
injection for sample preparation. The dilutions of primary antibodies utilized
are: 1:1000 rabbit anti-mouse K14 and K12 (Covance), 1:400 mouse anti-human
K10 (DakoCytomation), 1:500 mouse monoclonal Myc-tag (Upstate), 1:200
goat anti-human Clim2 (Santa Cruz), 1:200 rat anti-mouse Clim (Ingolf Bach,
University of Massachusetts Medical School), 1:1000 rabbit anti-mouse
Filaggrin (Covance), 1:50 rat anti-mouse CD45 (BD Pharmingen) and 1:200
mouse monoclonal anti-BrdU(Roche). For immunofluorescence, tissues were
embedded in OCT and frozen sections were fixed in ice-cold acetone and
subjected to immunofluorescence microscopy. Antibody and dilution used are:
1:200 rabbit anti-mouse BP180 (Zhi Liu, University of North Carolina at Chapel
Hill) and Alexa488 conjugated goat anti-rabbit secondary antibody (1:1000,
Molecular Probes). Nuclei were stained using 4′6′-diamidino-2-phenylindole
(DAPI). For Oil Red O staining, frozen skin sections were stained with 0.5%
Oil-Red O in 2-propanol at 37 °C for 30 min, followed by washes with 70%
2-propanol and H2O. Sections were counterstained with hematoxylin.
RNA isolation and RNase protection assays
Back skin tissue samples were collected at different time points and after
certain experimental manipulations. Total RNA was extracted using TrizolTM
solution (Invitrogen) and polytron homogenization according to the manufac-
turer's instructions. RNAwas precipitated with isopropanol and re-dissolved in
diethyl pyrocarbonate (DEPC)-treated water. Yield and purity were assessed by
UV spectrophotometry and denatured agarose gel electrophoresis. Antisense
probes against murine cytoplasmic actin, Clim2 and LMO4 were synthesized by
T7 polymerase (Promega) in the presence of 32P-labeled UTP (Amersham). The
probes were purified through 5% (vol/vol) polyacrylamide/7 M urea gels, and
eluted. Total RNA (20 μg) was mixed with the probes and hybridized overnight
at 65 °C. After digestion with RNase One (Promega), the protected fragments
were precipitated with ethanol, separated by electrophoresis through sequencing
gels, and visualized by autoradiography.
Immunoprecipitations and Western Blot analysis
Whole skins from newborn wild-type and DN-Clim transgenic mice were
dissected and treated overnight with 0.25% trypsin (Gibco) at 4 °C to separate
dermis from epidermis and hair follicles. The epidermal fraction was cut into
pieces and pipetted up and down for 10 min, and neutralized cell suspensions
were strained (70 μMpores; BD Bioscience). Isolated cells were lysed with TNE
lysis buffer (50 mM Tris–HCl [pH 7.4], 150 mM NaCl, 1% NP-40, 5 mM
EDTA, 5% glycerol, 10 μg leupeptin per ml, 10 μg of aprotinin per ml, 1 mM
phenylmethylsulfonyl fluoride [PMSF] and 2 mM sodium vanadate). Nuclear
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purified IgG (rabbit and goat, Santa Cruz). Five micrograms of LMO4 (Santa
Cruz) and Lhx2 (Edwin Monuki, University of California, Irvine) antibodies
was used. Immunoprecipitations were performed in PBS overnight at 4 °C using
protein-G Sepharose beads. Washes were carried out at room temperature in
PBS. Bound material was eluted by boiling in 2× SDS sample buffer. Proteins
were separated by SDS-PAGE and electrotransferred to polyvinylidene
difluoride membrane (100 V for 1 h) in Tris–glycine buffer. Blots were probed
with primary antibodies Clim2 (1:100, Santa Cruz) and anti-Myc tag (1:200,
Upstate) and detected after incubation with horseradish peroxidase-conjugated
secondary antibody by SuperSignal West Pico chemiluminescent substrate
(Pierce).Fig. 1. The temporal and spatial expression pattern of Clims. (A–B) Immunostaining
mice at the indicated developmental time points, and Clim2 and LMO4 transcript lev
assays. β-actin was used as a control. (D–J) Immunostaining of Clim expression dur
The dark pigment in the centrally located medulla of the hair follicle shown in panel F
Clim expression within the ORS. The counter stain in skin sections is methyl green.
immunoprecipitated with either an LMO4 antibody or IgG as a control. Western blot o
the location of Clim2 whereas the asterisk indicates the IgG background band. bk, bas
embryonic day; endo, endothelium; epi, epithelium; hg, hair germ; mc, matrix cells;
magnification: A–C and L–M, 400×; E–K and N, 200×.Hair depilation
Depilation was performed on 8-week-old mice in telogen. The backs of mice
were painted with a mixture of wax and rosin, and the embedded dorsal fur was
gently removed.
Transfections and luciferase assays
Cotransfection assays were performed in HEK293 cells. Cells at 50%
confluency were transiently transfected using Calcium Phosphate as previously
described (Wang et al., 2004).of Clims in neonatal (P3) corneal epithelium. (C) Skin RNAwas isolated from
els were determined with Clim2 and LMO4 cRNA probes in RNase protection
ing epidermis and hair follicle morphogenesis and the beginning of hair cycling.
is endogenous melanin. The arrowheads in panel F point to the deepest point of
(K) Co-immunoprecipitation of endogenous Clim2 and LMO4. Skin extract was
f immunoprecipitate was probed with a Clim2 antibody. The arrowhead indicates
al keratinocytes; bu, bulge; d, dermis; df, dermal fibroblast; dp, dermal papilla; E,
ors, outer root sheet; P, postnatal day; s, stroma; sg, sebaceous gland. Original
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Microarray experiments using Affymetrix MU74Av2 chips were performed
as previously described (Lin et al., 2004). For each time point, RNAwas isolated
and analyzed from 3 to 5 transgenic mice and same number of wild-type
littermates. The Cyber-T program (Baldi and Long, 2001) was used to determine
statistically significant differentially expressed genes. Overrepresented gene
ontology biological process categories for differentially expressed genes were
determined using the DAVID (Database for Annotation, Visualization and
Integrated Discovery) 2007 program (Dennis et al., 2003). PANTHER/X
ontology was used to classify the significantly differentially expressed genes
into biological process ontology categories (Thomas et al., 2003). Primary
microarray data from this paper are accessible at NCBI Gene Expression
Omnibus (www.ncbi.nlm.nih.gov/geo), GSE8227.
Fluorescence activated cell sorting (FACS)
Back skins from 8-week-old wild-type and DN-Clim transgenic mice were
dissected and treated overnight with 0.25% trypsin (Gibco) at 4 °C, which
helps to separate the epidermis and hair follicles from the rest of the skin.Fig. 2. Construction of K14-DN-Clim mice. (A) The upper panel is a schematic of the
interacting domain (LID). The lower panel shows the dominant negative form of Clim
cotransfected into HEK293T cells with the indicated combinations of expression plas
Clim. We determined relative luciferase activity 40 h after the transfection. The resu
schematic of the transgene showing Myc-tagged (MT) DN-Clim containing a n
Immunostaining for DN-Clim expression in corneal epithelium, including limbal epith
skin. (G) Co-immunoprecipitation of DN-Clim and LMO4. The panel shows a W
antibody. Original magnification: E and G, 100×; F, 40×.This epidermal fraction was cut into pieces and pipetted up and down for
10 min, and neutralized cell suspensions were strained (70 μM pores; BD
Bioscience). Single cells were resuspended in PBS (Gibco) with 5% FBS, and
incubated with primary antibodies for 30 min at room temperature. After
washing with PBS, cells were stained with streptavidin and antibodies directly
conjugated to specific fluorophors for 30 min. Flow cytometry was performed
on FACSort equipped with CellQuest (BD Biosciences). Epidermal cells were
gated for single events and viability, and then sorted according to their
expression of CD34 and α6-integrin. Primary antibodies used for FACS are:
anti-mouse CD34 conjugated to biotin at 1 μg per 4X106 cells (eBioscience);
Streptavidin-Peridinin Chlorophyll-a Protein (SAv-PerCP) conjugate (1:200,
BD Pharmingen) and α6-integrin coupled to FITC at 1 μg per 4X106 cells
(Serotec).
BrdU long-term label retaining experiment
5′-Bromo-2′-deoxyuridine (BrdU, Sigma-Aldrich) pulse chase experiments
were performed as described (Braun et al., 2003). Intra-peritoneal injections
(50 μg/g BrdU) were carried out twice a day for 3 days at post-natal day 4 and
analyzed 10 weeks later for label retention. BrdU incorporation was detected bydomain structure of Clims, showing the dimerization domain (DD) and the LIM-
(DN-Clim) containing the LID. (B) A GAL-luciferase plasmid was transiently
mids encoding GAL-LMO4 fusion protein, VP16-Clim2 fusion protein and DN-
lts represent the mean and SEM from at least three different experiments. (C) A
uclear localization signal (NLS) under control of the K14 promoter. (D–E)
elium, at P0 and P29. (F) Immunostaining for DN-Clim expression in transgenic
estern blot with Myc-tag antibody after immunoprecipitaition with an LMO4
488 X. Xu et al. / Developmental Biology 312 (2007) 484–500anti-mouse BrdU antibody (1:200, Roche). Six wild-type and ten DN-Clim
transgenic mice were used for long-term BrdU label retaining experiment.
Results
Clim co-factors are expressed in corneal epithelium, epidermis
and hair follicles
Previous studies showed that transcripts for Clim2 and its
interaction partner LMO4 are prominently expressed in epidermis
and hair follicles (Bach et al., 1997; Sugihara et al., 1998). Similar
to hair follicles and epidermis, the cornea is an actively renewing
and stratified epithelial tissue that contains a population of slow-Fig. 3. Epidermis-like differentiation of cornea in K14-DN-Climmice. (A) Corneal op
of the histology of an eye from a 1-year-old K14-DN-Clim mouse. Iris and part of lens
K14-DN-Clim transgenic mouse. The large arrow points to sebaceous-like cells. Sm
epithelium from wild-type and K14-DN-Clim mice. Antibodies to the following kera
to the bottom panel shows BrdU staining of corneal epithelium from wild-type and K1
in wild-type and K14-DN-Clim cornea as detected with anti-Myc antibody. The two l
panels are from corneas of 1-year-old mice. tg, K14-DN-Clim transgenic; wt, wild-cycling stem cells required for homeostasis. Therefore, we
investigated whether Clims are also expressed within the cornea.
By means of immunostaining with an antibody that recognizes
Clim1 andClim2, we found that Clims are prominently expressed
in the corneal epithelium, including the limbal epithelium, which
contains the corneal stem cells (Figs. 1A–B). Both Clim2 and
LMO4 transcripts are expressed throughout the initial hair follicle
morphogenesis and during hair cycling (Fig. 1C); the temporal
pattern of expression for both genes is similar with the first peak
of expression during mid morphogenesis, on postnatal (PN) day
5, followed by decreased expression as the hair shaft differ-
entiates on PN days 8 to 15. There is another peak of expression
for both genes during catagen. Similar expression patterns wereacity and neovascularization in a 1-year-old K14-DN-Clim mouse. (B) Overview
were removed prior to embedding. (C) Histological analysis of the cornea from a
all arrows point to blood vessels. (D) Histology and immunostaining of corneal
tinocyte differentiation markers were used: K12, K10 and Filaggrin. The second
4-DN-Clim mice. The bottom panel shows expression of the DN-Clim transgene
owest panels are from a stage when corneal thinning is prominent while the other
type; Fil, Filaggrin. Original magnification: A, 100×; C, 400×; D, 200×.
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not shown). To determine the spatial distribution of Clims within
mouse back skin, we studied the expression of Clims by
immunostaining (Becker et al., 2002). As early as embryonic
(E) day 13.5, Clims are expressed in embryonic ectoderm and in
the underlying mesenchyma (data not shown). In early stage hair
follicles, Clim expression is prominent in cells of the hair germ
and in the underlying mesenchymal aggregate (Fig. 1D). As the
hair follicle forms, Clim expression becomes located to the basal
cell layer of the epidermis and the outer root sheath (ORS) of the
follicles (Figs. 1E–F). In addition, expression is prominent in
cells of the hair follicle matrix and in a subset of dermal papilla
cells (Fig. 1F). During catagen, high expression is found in cells
of the matrix and ORS of the regressing follicle (Figs. 1G–I). In
telogen follicles, Clim is highly expressed in the upper part of the
ORS and epidermis, the bulge cells, and the dermal papilla (Fig.
1J). There is Clim expression in a subset of dermal fibroblasts
(Figs. 1E, G) but no expression within the subcutaneous fat (Fig.
1J). In hair follicles, the expression pattern of Clims is similar toFig. 4. Subepithelial edema, blisters and wounds in K14-DN-Clim corneas. (A–F) H
postnatal development (A–B, P0; C–D, P11; E–F, P29). (G–I) Immunostaining of co
I, P29). The dashed lines show the outlines of corneal epithelium and stroma. The arro
and H indicate a blister; the arrow in panel F points to a blood vessel. wt, wild-type; t
C–D, 100×.that of LMO4 (Sugihara et al., 1998), and Clim2 and LMO4 co-
immunoprecipitate in skin extracts, indicating that these proteins
interact in vivo (Fig. 1K). In summary, the expression of Clims in
three distinct epithelial tissues, cornea, epidermis and hair
follicles, is similar in that it is primarily localized to proliferating
epithelial cells and overlaps with the stem cell compartments.
These data suggest that Clims may be involved in the
development and/or homeostasis of cornea, epidermis and hair
follicles.
Mice with keratin 14-driven expression of a dominant-negative
(DN) Clim develop hair loss and corneal opacity
Clim proteins contain at least two domains that are essential
for their normal function: a C-terminally located LIM-interac-
tion domain (LID), which mediates high-affinity interactions
with LIM domain proteins and other transcription factors, and an
N-terminally located dimerization domain (DD), which med-
iates homodimerization of Clims (Fig. 2A). Experiments inistological analysis of corneas from wild-type and K14-DN-Clim mice during
rnea from K14-DN-Clim mice with pan-leukocyte marker CD45 (G, P0; H, P11;
ws in panels B, C and G indicate the subepithelial edema; arrowheads in panels C
g, K14-DN-Clim transgenic. Original magnification: A–B, E–F and G–I, 200×;
Fig. 5. Defective hemidesmosomes and decreased BP180 expression in K14-DN-Clim mice. (A–C) Electron microscopy ultrastructure of the epithelial-basement
region, including hemidesmosomes, in corneas from mice of the indicated genotypes. Red arrow indicates a hemidesmosome on the basal surface of a basal epithelial
cell that has separated from the underlying basal lamina. (D) Semiquantitative RT-PCR analysis of BP180 mRNA levels in cornea from wild-type (WT) and K14-DN-
Clim (TG) mice. GAPDH is included as a control. (E, F) Immunofluorescence analysis of BP180 expression in wild-type and K14-DN-Clim corneal epithelium. DAPI
staining shows nuclei in the same section. (G) Model for the progression of corneal abnormalities in K14-DN-Clim mice. bc, basal epithelial cell; bm (or BM),
basement membrane; ce, corneal epithelium; Endo, endothelium; Epi, epithelium; s, stroma; Scale bar: A, 200 nm; C, 500 nm; E, 20 μm.
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Fig. 6. Hair loss in K14-DN-Clim mice. (A–D) Appearance of K14-DN-Clim (TG) mice and their littermate controls (WT) at indicated time points. (E) Histological
analysis of hair follicle densities in back skin from 1-year-old wild-type and K14-DN-Clim mice. (F) Hair follicle number per scope field was counted at the indicated
time points for wild-type and K14-DN-Clim mice. Shown are means and standard errors from at least three different skin samples for each time point.
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492 X. Xu et al. / Developmental Biology 312 (2007) 484–500diverse species have demonstrated that the singular expression
of either of these two domains creates effective dominant
negative Clims (Bach et al., 1999; Becker et al., 2002;
Gimnopoulos et al., 2002). In our experiments, we took
advantage of aMyc-tagged truncated version of Clim containing
the highly conserved LID fused to a nuclear localization
sequence (Becker et al., 2002). To demonstrate the dominant-
negative (DN) activity of this protein, we tested its ability to
disrupt interactions between Clim and LMO4 in a mammalian
two-hybrid assay. LMO4 was fused to the DNA-binding domain
of GAL4which binds to GAL sites upstream of the TK promoter
and luciferase. Clim2 was fused to the herpes simplex virus
activator protein VP16. The hybrid protein (GAL4-VP16)
activates transcription efficiently in mammalian cells, allowing
the interaction between LMO4 and Clim2 to be detected and
measured (Fig. 2B). As expected, transfection of LMO4-GAL4
or Clim2-VP16 alone had no effect on the transcription, whereas
co-transfection of these expression plasmids strongly stimulated
transcription. Transfection with increasing amounts of DN-Clim
caused dose-dependent decrease of transcription, indicating that
DN-Clim disrupts interactions between Clims and LIM domain
proteins (Fig. 2B).
To investigate the roles of Clims in epithelial tissues, we
created transgenic mice expressing Myc-tagged DN-Clim
under control of the well-characterized keratin 14 (K14)
promoter (Fig. 2C). Immunostaining using anti-Myc antibody
showed strong transgene expression in the basal layer of the
corneal epithelium, both centrally and in the limbal region
(Figs. 2D–E). In addition, the transgene was expressed in the
basal layer of epidermis and outer root sheath (ORS) of hair
follicles (Fig. 2F). An LMO4 antibody readily co-immunopre-
cipitated the DN-Clim protein in extracts from neonatal
epidermis, indicating that the transgene interacts with LIM
domains in vivo (Fig. 2G). In addition to several lines of mice
that were analyzed as neonates, two independent lines were
followed to adult age. Both lines of transgenic mice showed
hair loss and corneal abnormalities; one of these lines was
selected for further characterization.
Blisters, wounds and disrupted homeostasis of the corneal
epithelium in K14-DN-Clim mice
The K14-DN-Clim transgenic mice developed striking
corneal abnormalities. By 1 month of age, the ocular surface
of approximately half of the transgenic mice became
opacified. As the mice aged, corneal abnormalities became
more severe and included neovascularization; by 6 months
nearly all mice were affected (Fig. 3A). Histologically, the
abnormal corneal epithelium in older mice was hyperplastic,
cornified and the stroma was vascularized (Fig. 3B);Fig. 7. Abnormal hair follicle structures in K14-DN-Clim mice. (A–F) Histological a
mice. Panels B, D and F are higher magnifications of panels A, C and E, respectively
Clim skin. (I) Histology of skin 5 days after hair depilation in wild-type (upper panel)
DN-Clim mice after hair plucking. Blue arrows point to the BrdU positive cells in epid
after hair plucking. (L) BrdU staining in wild-type and K14-DN-Clim mice 4 days a
Clim mice after wounding. de, dermis; ep, epidermis; sg, sebaceous gland; su, subcsebaceous-like cells were observed in the corneal epithelium
of one transgenic mouse (Fig. 3C). In the highly hyperplastic
transgenic corneal epithelium, expression of the corneal-
specific K12 was almost extinguished. In contrast, the
epidermal markers K10 and filaggrin were expressed in the
transgenic corneal epithelium (Fig. 3D). In addition, the
corneal epithelium developed a basal layer which was
morphologically similar to epidermal basal layer. This basal
layer was highly proliferative as seen by BrdU staining and
expressed the Myc-tagged transgene (Fig. 3D). These data
show that the corneal epithelium in K14-DN-Clim transgenic
mice ultimately converted to a keratinized epidermis-like
epithelium, implying an important regulatory role for Clims in
epithelial homeostasis in the cornea.
To understand the pathogenesis of corneal abnormalities in
DN-Clim mice, we examined the progressive development of
the phenotype. As early as postnatal day (P) 0, approximately
50% of transgenic mice exhibited subepithelial edema of the
stroma (Figs. 4A, B and Supplementary Table 1); during the
first few postnatal days, the number of mice exhibiting
subepithelial edema increased rapidly. Also, during this period,
the corneal epithelium of the transgenic mice was much thicker
than that of wild-type controls (Figs. 4A, B). In addition, we
observed occasional blisters, apparently caused by detachment
of the corneal epithelial from the underlying stroma in the
presence of edema (Fig. 4C), and wounds with intense
inflammatory infiltrate, possibly caused by ruptured blisters
(Fig. 4D). Between days 11 and 16, when the wild-type
epithelium had thickened to 3–5 cell layers, the transgenic
corneal epithelium became as thin as one cell layer (Figs. 4E, F).
The corneal thinning was common up to age 5 months, when
corneas started to show features of epidermis-like differentia-
tion. The penetrance of the corneal phenotype is incomplete in
newborn mice but reaches 100% by P10 (Supplementary Table
1). Some mice opened their eyes prematurely (data not shown)
but corneal pathology was independent of this abnormality. We
observed no CD45+ cells in neonatal corneas of transgenic mice
exhibiting hyperplasia and blisters (Figs. 4G, H). In contrast,
CD45 immunostaining illustrated abundant migration of
leukocytes across the stroma and into the epithelium after
wounds had developed (Fig. 4I). These data indicate that the
inflammatory feature in the transgenic cornea is secondary to
epithelial disruption and not the primary cause of the corneal
abnormality.
Defective hemidesmosomes and epithelial adhesion in corneas
of K14-DN-Clim mice
To understand the cause of corneal blister formation, we
studied the epithelial–stromal junction of neonatal corneas bynalysis of hair follicles in 7-month-old wild-type (WT) and K14-DN-Clim (TG)
. (G, H) Oil Red O staining for sebaceous glands in 49d wild-type and K14-DN-
and K14-DN-Clim (lower panel) mice. (J) BrdU staining in wild-type and K14-
ermis. (K) Quantification of BrdU staining in wild-type and K14-DN-Clim mice
fter wounding. (M) Quantification of BrdU staining in wild-type and K14-DN-
utis. Original magnification: A, C, E and I–K, 100×; B, D, F, G and H, 200×.
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494 X. Xu et al. / Developmental Biology 312 (2007) 484–500transmission electron microscopy. Hemidesmosomes in corneas
of transgenic mice were smaller and thinner than that in corneas
of wild-type mice (Figs. 5A, B). This abnormality was found in
short discontinuous stretches throughout the cornea, affecting
approximately a third of each cornea. At the location of a blister,
we observed separation of basal epithelial cells from the
underlying basement membrane (Fig. 5C), suggesting that the
hemidesmosome abnormality underlies epithelial-basement
membrane separation and blister formation in the cornea.
Transcripts encoding BP180, a transmembrane component of
the hemidesmosome, were downregulated approximately 2-fold
(Fig. 5D). Immunofluorescence study with anti-BP180 anti-
body showed that BP180 expression was downregulated in
discontinuous stretches throughout the corneas of transgenic
mice (not shown), and in some parts of the transgenic cornea,
BP180 expression was nearly undetectable (Figs. 5E, F).
Together, these data suggest that decreased BP180 protein
expression and hemidesmosome dysfunction causes blister
formation in transgenic corneas. We believe that this is the
primary abnormality leading to repeated wounding, inflamma-
tory infiltrate and hyperplasia. Later, corneal epithelial thinning
is observed, similar to that found in human stem cell deficient
corneas (Coster et al., 1995; Dua et al., 2000). Ultimately,
differentiation of corneal epithelial cells is subverted to an
epidermis-like pathway (Fig. 5G).
Hair loss and aberrant hair follicle homeostasis in
K14-DN-Clim mice
The K14-DN-Clim mice developed progressive age-depen-
dent hair loss. To investigate the cause of hair loss, we examined
hair follicles in relationship to the hair growth cycle (Morris et
al., 2004; Muller-Rover et al., 2001). In mice, initial hair follicle
morphogenesis is completed around P14, at which time the
lower two-thirds of the follicle undergoes programmed cell
death in a process referred to as catagen. The follicle then enters
a resting phase (telogen), until a new cycle is initiated around
P23; the growth phase of the follicle is referred to as anagen.
The hair growth cycle is repeated continuously throughout the
life of a mouse, with the first two cycles being synchronized.
After completion of hair follicle morphogenesis and the first
catagen, approximately at P20, the majority of K14-DN-Clim
mice had normal coat, but occasional mice showed very mild
hair loss in the head-neck and peri-tail regions. At the end of
second hair cycle (P49), the coat was scraggly and, areas of
local baldness were observed on the back. On the ventral
surface, sparse hair was uniformly observed (data not shown).
As the mice aged, the areas of baldness enlarged, both on the
dorsal and ventral sides (Figs. 6A, B). Eventually, some of the
transgenic mice became completely bald (Figs. 6C, D); the adult
phenotype varies from mild hair loss with scraggly coat to
complete baldness over the entire body. Some of the older
transgenic mice also developed wounds on the back (Fig. 6B).
Consistent with the postnatal onset of hair loss, hair follicle
density was normal in K14-DN-Clim mice at all time points
(Figs. 6E, F); even mice with nearly complete baldness had
normal number of hair follicles. Therefore, the progressive hair-loss phenotype appears to be caused by hair follicle dysfunction
rather than decreased number of follicles.
Hair follicle morphogenesis was normal in K14-DN-Clim
mice and except for the slightly slower progression through
catagen, the first two hair cycles progressed normally
(Supplementary Fig. 1 and Supplementary Table 2). However,
consistent with hair follicle dysfunction, hair follicles became
clearly abnormal in adult transgenic mice. Most prominent were
single large cysts or multiple small cysts within follicles (Figs.
7A–D). In addition, enlarged sebaceous glands became evident
during the second hair cycle and in adult mice, sebaceous glands
became prominent part of the follicle (Figs. 7E, F), easily
detected with OilRedO staining (Figs. 7G, H). Instead of being
close to the epidermis as in wild-type mice, the sebocytes in
K14-DN-Clim mice extended deep into the hair follicles (Figs.
7E, F). No expression of epidermal markers, such as K10,
filaggrin and loricrin, was detected in cysts or other parts of the
abnormal transgenic follicles (data not shown), indicating that
aberrant differentiation along the sebocyte lineage was the most
prominent differentiation abnormality.
Unlike wild-type mice that underwent re-growth of hair
follicles quickly after hair plucking, transgenic hair follicles
only occasionally entered anagen (Fig. 7I). Hair plucking also
led to an exaggerated dermal reaction in K14-DN-Clim mice
(Fig. 7I). Consistent with an enhanced wounding response, both
hair plucking (Figs. 7J, K) and incisional wounding (Figs. 7L,
M) caused increased epidermal proliferation compared to wild-
type mice. Interestingly the abnormal hair follicles in transgenic
mice clearly showed decreased proliferation after plucking,
perhaps due to the structural abnormalities resulting in a lack of
normal matrix compartment where proliferation is most
prominent in wild-type follicles (Fig. 7J). In unperturbed skin,
there was no difference in epidermal proliferation between the
K14-DN-Clim and wild-type mice (data not shown). Prior to
morphological abnormalities of hair follicles, the expression of
AE 13 (anti-acidic hair keratin) (Lynch et al., 1986) and AE15
(anti-trychohyalin) (O'Guin et al., 1992) was normal in
transgenic hair follicles (Supplementary Fig. 2), suggesting
that a differentiation defect is not the primary reason for hair
follicle dysfunction. Together, these data indicate that Clims
play pleiotropic roles in hair follicle regulation, affecting hair
cycling control, keratinocyte differentiation and structure of the
follicle. We conclude that aberrant hair follicle differentiation
and disrupted hair follicle structure contribute to the hair loss
phenotype.
Transcripts normally enriched in hair follicle stem cells are
downregulated in telogen skin of K14-DN-Clim mice
To gain insights into the molecular mechanisms of hair loss in
K14-DN-Clim mice, we used Affymetrix DNA microarrays to
profile mRNA expression in mouse back skin from 3 time
points, representing the initial hair follicle morphogenesis (P6
and P14) and the first telogen (P23); hair growth is synchronized
during these time points. We used the Cyber-T program to
identify statistically significant differentially regulated genes in
the K14-DN-Clim mice (Fig. 8A). At P6, P14 and P23, we
Fig. 8. Abnormal gene expression profiles in K14-DN-Clim skin. (A) Overview of microarray data processing and statistical tests to identify significantly differentially
expressed genes in K14-DN-Clim transgenic mouse back skin. (B) Breakdown of biological process categories (PANTHER/X ontology) for the significantly
differentially expressed genes for each of the three profiled time points: P6, P14 and P23. (C) Members of the major histocompatibility complex genes are significantly
differentially expressed at the three profiled time points. Shown are the fold changes between DN-Clim and wild-type mouse back skin and the significant differential
expression is highlighted in bold. (D) Volcano plot of the significance (p-value) and degree of differential expression (fold change) between DN-Clim and wild-type
P23 mouse backskin for genes known to be enriched in hair follicle stem cells. Dots within the orange outlined box represent significantly differentially expressed
genes (pb0.01). These genes are listed in panel E.
495X. Xu et al. / Developmental Biology 312 (2007) 484–500found, respectively, 55, 182 and 248 statistically significant
differentially expressed genes.
Analysis of over-representation of Gene Ontology categories
revealed that immunity and defense genes are overrepresented
as early as day 6 and persist throughout all three time points(Fig. 8B). These include histocompatibility genes H2-L, H2-
D1, H2-K1, H2-Q2 and H2-Q7, all of which are upregulated
(Fig. 8C). Most of these genes encode MHC I antigens,
indicating that the MHC class I-dependent pathway of antigen
presentation is upregulated prior to observable histological
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suggests that subtle epithelial injury exist in K14-DN-Clim
mouse skin prior to morphological abnormalities.
The progressive hair follicle dysfunction suggested the
possibility that hair follicle stem cells might be affected in the
K14-DN-Clim mice. We therefore tested whether genes
enriched in hair follicle stem cells (Morris et al., 2004; Tumbar
et al., 2004) were preferentially affected in the K14-DN-Clim
mice. To minimize false positives, we used a strict criterion to
define genes enriched in hair follicle stem cells: the genes must
be identified by both previous hair follicle stem cell expression
profiling studies in mice (Morris et al., 2004; Tumbar et al.,
2004). For Morris et al., 2004, we used the list of 107 enriched
probe sets, and for Tumbar et al. 2004, we used the list of 154
enriched probe sets. There are 62 probe sets in common
between the two lists, and 58 of these are expressed in our DN-
Clim microarray data set. Intriguingly, of these 58 genes, 13
were found to be significantly downregulated at P23 in K14-
DN-Clim mice; none of the stem cell genes were upregulated
(Figs. 8D, E). Given the number of hair follicle stem cell
signature genes of the genome and the total number of
differentially expressed genes in K14-DN-Clim mice at P23,
this fraction of differentially expressed stem cell genes is
significantly overrepresented (p=2.03E−10, Fisher's exact
test). These data suggest that stem cells may be affected in the
K14-DN-Clim mice.
Clims interact with Lhx2 and regulate the number of adult hair
follicle stem cells
The specific decrease in the expression of stem cell-enriched
genes prior to progressive hair follicle dysfunction suggested
that stem cell depletion might cause hair follicle abnormalities
in the K14-DN-Clim mice. To investigate hair follicle stem
cells, we examined this cell population by fluorescence-
activated cell sorting (FACS). Epithelial cells directly isolated
from the skin of 8-week-old wild-type and transgenic mice were
subjected to FACS analyses with antibodies recognizing stem
cell markers CD34 and integrin α6. FACS analysis showed that
the CD34 and integrin α6 double positive population was
dramatically decreased in the K14-DN-Clim transgenic mice
(Fig. 9A); the number of follicle stem cells in transgenic mice
was only 30% of that in wild-type controls (Fig. 9B). We also
examined hair follicle stem cells with long-term BrdU label
retention. Ten weeks after the BrdU injection, mouse back skinsFig. 9. Decreased number of hair follicle stem cells in K14-DN-Clim mice. (A) FACS
(WT) and K14-DN-Clim (TG) skin. Epithelial cells were directly isolated from wild
double positive population is highlighted with boxes in the dotplot graphs. The histog
double positive cells in transgenic skin is only 30% of that of wild-type skin (Pb0.0
label retaining of hair follicle stem cells in wild-type and K14-DN-Clim mice. BrdU w
period, back skin was dissected and stained with BrdU antibody. (D) BrdU positive
Shown are means and standard errors from skin samples of 6 WTand 10 TGmice (Pb
Clim (lower panel) with Lhx2 in epidermal cell extracts. (F) A model representing
interfering with binding of Clim to Lhx2, as in the experiments described in this p
decreased number of stem cells. Original magnification: 200×.were dissected and stained with anti-BrdU antibody. Label-
retaining cells (Fig. 9C) in the hair follicles of K14-DN-Clim
mice were only 20% of that in wild-type controls (Fig. 9D). In
combination with the microarray expression data, these
experiments indicate that Clims are required for hair follicle
stem cell maintenance. One potential interaction partner of
Clims is LIM-homeodomain transcription factor Lhx2, which
plays a role in the maintenance of hair follicle stem cells (Rhee
et al., 2006). To examine whether there is an interaction
between Clim2 and Lhx2 in skin, we performed immunopre-
cipitation with mouse skin tissues. In co-IP studies, Clim2 was
precipitated with an Lhx2 antibody, indicating interaction
between Clim2 and Lhx2 in skin (Fig. 9E; upper panel). In
transgenic skin tissues, the myc-tagged dominant-negative Clim
was precipitated with Lhx2 antibody (Fig. 9E; lower panel).
These data show that Clim2 interacts with Lhx2 in vivo, and that
DN-Clim is capable of competing for this binding. We conclude
that the Clim/Lhx2 complex is required for maintenance of hair
follicle stem cells and that disruption of either component of the
complex leads to decreased number of hair follicle stem cells
(Fig. 9F).
Discussion
While Clim co-factors are known to be highly expressed in
epithelial tissues, including epidermis and hair follicles, their
potential roles within epithelia remain unknown. The findings
in this paper indicate important roles for Clims in the regulation
of corneal and hair follicle homeostasis.
Pathogenesis of corneal abnormalities in K14-DN-Clim mice
A time course study reveals a potential model for the
pathogenesis of corneal abnormalities in the K14-DN-Clim
mice (Fig. 5G). Detachment of corneal epithelium from the
underlying basal lamina, resulting in blister formation, is an
early abnormality, apparently caused by defective hemidesmo-
somes. The hemidesmosome abnormalities may be caused, at
least in part, by decreased BP180 expression. Because its
transcripts are downregulated in both cornea and skin in K14-
DN-Clim mice, BP180 may be a target gene of Clims. In the
skin, BP180 transcript expression is consistently downregulated
by about 50% in all three time points in our gene expression
profiling study. However, we believe that the moderate two-fold
transcriptional downregulation of BP180 is insufficient toanalysis of CD34 and integrin α6 double positive cells in 8-week-old wild-type
-type and transgenic skin. FL1 indicates Integrin α6; FL3 indicates CD34. The
rams show the proportion of CD34/integrin α6 positive cells. (B) The number of
1). Thirteen wild-type and 9 transgenic mice were assayed. (C) BrdU long-term
as injected into 4-day-old pups twice a day for 3 days. After a 10-week chasing
cells per hair follicle were counted for both wild-type and K14-DN-Clim mice.
0.01). (E) Co-immunoprecipitation of endogenous Clim2 (upper panel) and DN-
the role of a Clim/Lhx2 complex for hair follicle stem cell maintenance. Either
aper, or deletion of Lhx2 as previously described (Rhee et al., 2006), leads to
498 X. Xu et al. / Developmental Biology 312 (2007) 484–500account for the dramatic discontinuous loss of BP180 protein in
the transgenic cornea. While we never observed blisters in the
transgenic skin, we did observe wounding in older animals,
which could be due to weak tissue adhesion leading to tissue
breakdown.
Sub-epithelial edema is another corneal abnormality found
as early as P0 and at all time points, suggesting that edema is an
early event in the transgenic cornea. The subepithelial location
of the stromal edema suggests that it is caused by a defect in the
corneal epithelium, possibly by the adhesion defect. Also,
stromal edema may contribute to adhesion defects and blisters
(Friedman, 1974; Green, 1969; Levenson, 1975), thus creating a
vicious cycle. Corneal wounds are most likely due to the
adhesion defect and ruptured blisters. These wounds then lead
to recruitment of inflammatory cells, epithelial hyperplasia and
stromal neovascularization. As postnatal development pro-
gresses and the wild-type corneal epithelium becomes 3–5 cell
layers thick, the transgenic corneal epithelium becomes as thin
as one cell layer, suggesting the possibility of stem cell
deficiency. In the terminal phenotype, which develops after the
age of several months, the corneal epithelium can undergo a
change to an epidermis-like epithelium. While it is tempting to
speculate that this differentiation change might originate in
corneal stem cells, it is known that the more differentiated basal
cells of the adult corneal epithelium possess the capacity to
follow an alternative differentiation pathway; in response to
embryonic dermal stimuli, the basal cells of adult corneal
epithelium are able to activate epidermal, pilosebaceous and
sweat gland genetic programs (Pearton et al., 2004, 2005;
Powell et al., 2005).
K14-DN-Clim mice as a model for corneal diseases
The corneal abnormalities of K14-DN-Clim mice are quite
similar to the clinical features of limbal stem cell deficiency, a
difficult clinical problem, which is associated with thinning of
the epithelium, stromal vascularization, chronic inflammation
and keratinization (Dua et al., 2003). Similar to the K14-DN-
Clim mice, the condition of human corneal stem cell deficiency
is often related to recurrent epithelial defects and ulcerations in
the cornea (Ang and Tan, 2004; Araujo and Flowers, 1984).
Therefore, our K14-DN-Clim mouse model may help elucidate
the pathogenesis of corneal stem cell deficiency and the
development of possible treatments. The K14-DN-Clim mice
may also be a useful model for studying blistering diseases in
the cornea. While corneal blistering does not appear to be a
prominent feature in patients with BP180 mutations, it has been
reported that the expression of BP180 is reduced in the
epithelial basement membrane zone in keratoconus corneas, a
disease characterized by thinning of the central and paracentral
cornea and scarring in advanced cases (Cheng et al., 2001;
Kenney and Chwa, 1990). Corneal blisters are also found in
patients with recessive dystrophic epidermolysis bullosa (DEB)
(Matsumoto et al., 2005), bullous keratopathy (Kenney and
Chwa, 1990; Kenyon, 1969) and junctional epidermolysis
bullosa (Herlitz–Pearson) (Hammerton et al., 1984). In
addition, corneal cells of K14-DN-Clim mice differentiateinto a hyperplastic, keratinized, skin-like epithelium. Vitamin A
deficiency in humans is known to induce severe xerophthalmia,
which is a similar corneal defect in humans (Diniz Ada and
Santos, 2000). Interestingly, Notch1 signaling affects vitamin A
metabolism by regulating the expression of cellular retinol
binding protein 1 (CRBP1); Notch1 deficient mice develop a
corneal phenotype that is similar to that of older K14-DN-Clim
mice (Nicolas et al., 2003; Vauclair et al., 2007).
Decreased number of stem cells in the hair follicle bulge of
K14-DN-Clim mice
In view of the expression of Clims during the first stages of
hair follicle development, and the important developmental roles
of LIM domain transcription factors, we expected to find
abnormalities in hair follicle morphogenesis. However, initial
morphogenesis of hair is normal in the K14-DN-Clim mice, and
the hair loss phenotype appeared progressively in subsequent
hair cycles, suggesting the possibility that the hair loss might
relate to stem cell dysfunction. This hypothesis is supported by
the microarray gene expression data showing decreased
expression of stem cell-enriched genes prior to macroscopic or
microscopic phenotypes. Further support for stem cell abnorm-
alities come from experiments showing a decrease in CD34/α6-
integrin positive and BrdU label retaining cells. These data
indicate that Climsmay play an important role in maintaining the
“stemness” of hair follicle stem cells. In addition, we show that
in the skin, Clim2 can interact with Lhx2, a LIM homeodomain
protein that has been recently demonstrated to maintain stem cell
character in hair follicles (Rhee et al., 2006). We, therefore,
propose a model in which the Clim/Lhx2 transcriptional
complex is required for stem cell maintenance (Fig. 9F).
In the K14-DN-Clim mice, we also find abnormal hair
follicles with cysts and enlarged sebaceous glands, which
invade the central space where hair shafts originally occupy.
These morphological abnormalities bear similarity to those of
several other transgenic mouse models that are also thought to
affect stem cells. For instance, it has been shown that bulge stem
cells of the mutant skin contribute to the follicle-derived cysts in
β-catenin mutant mice (Huelsken et al., 2001). Deregulation of
c-Myc expression targeted to epidermal stem cells leads to
increased sebaceous gland and epidermal differentiation at the
expense of hair follicles (Arnold and Watt, 2001; Waikel et al.,
2001). K14-ΔNLef1 transgenic mice show large cysts and
dislocated sebaceous glands which appear at the tips of hair
follicles (Merrill et al., 2001). In addition, RXR-alpha mutant
mice and Notch1 deficient mice develop hair loss, histologically
characterized by the destruction of hair follicle architecture and
the formation of cysts in adult mice (Li et al., 2001; Vauclair et
al., 2005). Hair follicle cyst formation and preferential
sebaceous-like differentiation may be a common response to
hair follicle stem cell depletion.
A defect in hair differentiation is an alternative explanation
for the lack of capacity of hair follicles to generate hair shafts.
However, we observed normal expression of AE13 and AE15
prior to morphological abnormalities of hair follicles (Supple-
mentary Fig. 2). Also, our microarray results show essentially
499X. Xu et al. / Developmental Biology 312 (2007) 484–500normal expression of hair shaft markers as late as P23, indicating
normal hair differentiation during hair follicle morphogenesis.
Therefore, while abnormal hair follicles in K14-DN-Clim mice
show clear abnormalities in hair follicle differentiation, it is
unlikely that a terminal differentiation defect is the primary
abnormality in K14-DN-Clim mice.
The target genes of the Lhx2/Clim2 complex in hair follicle
stem cells remain to be discovered. One interesting finding of
our study is upregulation of genes in the MHC class I-dependent
pathway of antigen presentation as early as P6, long before hair
loss is observed, suggesting cellular injury/stress prior to
morphological abnormalities. One possibility is that down-
regulation of cell adhesion molecules, such as BP180, causes
subtle cellular stress. Among the stem cell signature genes that
are downregulated in K14-DN-Clim mice are several genes
involved in the Wnt pathway, but also cell adhesion molecules
such as tenascin C. Since hair follicle stem cells reside in a
specific niche, it is tempting to speculate that dysfunctional
stem cell-matrix adhesion may play a role in the phenotypes
observed in K14-DN-Clim mice. In this respect, it is interesting
to note that hair loss is found in some patients with BP180
mutations (Jonkman et al., 1995; McGrath et al., 1995; Woo et
al., 2000). While we do not believe that immune mechanisms
are the primary cause of hair and skin abnormalities in K14-DN-
Clim mice, the upregulation of MHC class I genes suggests the
possibility that immunological mechanisms may contribute to
progression of the phenotype.
In summary, we have shown that interfering with binding of
Clim co-factors to transcription factors leads to dramatic
phenotypes in cornea and hair follicles, indicating important
roles for Clims in homeostasis of these two organs. In both
cornea and epidermis, Clims are important for BP180
expression. In the cornea, hemidesmosome function and
adhesion of the corneal epithelium to the underlying basal
lamina are disrupted in K14-DN-Clim mice. In the hair
follicles, Clims are required for maintenance of bulge stem
cells, most likely due to their interactions with the LIM
homeodomain factor Lhx2.
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